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Comparative transcriptomics
indicates endogenous differences
in detoxification capacity

after formic acid treatment
between honey bees and varroa
mites

Antonia Genath?, Soroush Sharbati', Benjamin Buer?, Ralf Nauen? & Ralf Einspanier'*”

Formic acid (FA) has been used for decades to control Varroa destructor, one of the most important
parasites of the western honey bee, Apis mellifera. The rather unselective molecular mode of action of
FA and its possible effects on honeybees have long been a concern of beekeepers, as it has undesirable
side effects that affect the health of bee colonies. This study focuses on short-term transcriptomic
changes as analysed by RNAseq in both larval and adult honey bees and in mites after FA treatment
under applied conditions. Our study aims to identify those genes in honey bees and varroa mites
differentially expressed upon a typical FA hive exposure scenario. Five detoxification-related genes
were identified with significantly enhanced and one gene with significantly decreased expression
under FA exposure. Regulated genes in our test setting included members of various cytochrome
P450 subfamilies, a flavin-dependent monooxygenase and a cytosolic 10-formyltetrahydrofolate
dehydrogenase (FDH), known to be involved in formate metabolism in mammals. We were able to
detect differences in the regulation of detoxification-associated genes between mites and honey

bees as well as between the two different developmental stages of the honey bee. Additionally,

we detected repressed regulation of Varroa genes involved in cellular respiration, suggesting
mitochondrial dysfunction and supporting the current view on the mode of action of FA—inhibition

of oxidative phosphorylation. This study shows distinct cellular effects induced by FA on the global
transcriptome of both host and parasite in comparison. Our expression data might help to identify
possible differences in the affected metabolic pathways and thus make a first contribution to elucidate
the mode of detoxification of FA.

The ectoparasitic mite Varroa destructor, hereafter referred to as Varroa, is currently considered the greatest threat
of the western honey bee, Apis mellifera, and contributes to global colony losses2. Female mites feed on the fat
body tissue of both adult and immature bees?, but reproduce only inside sealed worker and drone brood cells*.
The mite causes considerable damage to its host, directly by feeding from the fat body tissue® and indirectly
by transmitting several viruses®® and bacteria®'. Infestation leads to weight loss, a shortened lifespan, malfor-
mations and weakening of the host!!-1. If left untreated, a mite-infested colony collapses within 1-3 years'®.
Since the transfer of Varroa from the eastern honey bee, Apis cerana, to the western honey bee in the begin-
ning of the nineteenth century, several control strategies have been developed to fight the mite in order to prevent
colony losses. Formic acid (FA) is widely used as an alternative treatment throughout the world since it is the
only treatment known to affect both phoretic and reproductive mites in sealed brood cells'®. Further advantages
compared with synthetic varroacides are the low risk of developing genetic pest resistance and leaving residues
in hive products!’-*°. However, the treatment efficiency varies widely depending on ambient temperature and
humidity, colony strength, presence of brood as well as type and position of the evaporator in the hive?*2!,
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Furthermore, the “therapeutic index”, the range between the lethal doses for the mites and honey bees is very
narrow, resulting in unintended increased queen mortality and negative effects on brood and newly emerged
workers?%%,

Although a considerable number of studies have been conducted regarding the effectiveness under different
beekeeping and climatic conditions and the impact on honey bees?*-*?*%, surprisingly little is known about
the detailed molecular mode of action of FA and the cellular response in honey bees and mites. It is generally
assumed that FA exerts its damaging effect by inhibiting the mitochondrial electron transport chain through
binding to cytochrome c oxidase?** and subsequently leads to inhibition of respiration along with hyperacidity
of the body*%. Whereas studies on gene expression of Varroa exposed to FA are lacking, one study in honey bees
treated with FA (Mite Away) indicates that FA affects the expression of the detoxification related PKA-CI gene®.
Furthermore, FA was found to induce down-regulation of cytochrome P450 (CYP9Q3) and up-regulation of
defensin-1, suggesting a partial impairment of detoxification mechanisms and induction of immune responses
of the exposed bees™.

This study aims to deepen our understanding of sublethal effects and the underlying molecular detoxification
response of A. mellifera and V. destructor upon FA treatment. We have chosen RNA-Seq to study the transcrip-
tome of this major managed pollinator and one of its most relevant parasites to identify potential target structures
and regulated metabolic pathways under FA treatment. This untargeted approach may allow to shed light on
unintended and yet unknown cellular effects in the honey bee as well as varroa mites.

Materials and methods

Fumigation experiments and sampling.  All experiments were conducted in seasons 2018 and 2019 at
the Department of Veterinary Medicine at Freie Universitit Berlin, Germany (Lat: 52.516181, Long: 13.376935).
Four Apis mellifera carnica honey bee colonies housed in two storied Segeberger Classic beehives and naturally
infested by Varroa were used for this study. The colonies had a natural mite infestation. Besides this, they were
free of disease and the absence of American foulbrood (Paenibacillus larvae) was confirmed by an authorized
health certificate. To obtain individuals of the same age, the queen was caged on an empty brood comb 21 and
10 days before the trial to receive either freshly hatched workers (from day 21 after caging; hereafter referred
to as workers) or newly capped brood (from day 10 after caging; hereafter referred to as larvae), respectively.
Colonies were treated once with 200 ml 60% FA ad us. vet. (Serumwerk Bernburg AG, Bernburg, Germany) by
means of a Nassenheider Verdunster universal R (Joachim Weiland Werkzeugbau GmbH & Co. KG, Hoppegar-
ten, Germany). After 12 days from the beginning of the administration, when the entire FA had evaporated, the
Nassenheider devices were removed. In 2018, the average daytime temperature was 21 °C and precipitation was
12.2 L per square metre during the treatment period. In the 2019 season, the average daily temperature during
the treatment period was 20.3 °C and the average precipitation 28.2 L per square metre.

From each of the four colonies, three randomly chosen workers (can be easily distinguished from older stages
by their appearance and behaviour®!) and larvae from the prepared brood combs were sampled directly before
the beginning of FA treatment as untreated control (0 h) and 24 h post treatment period as FA treated group (24
hpt). Subsequently, individuals were stored at— 80 °C until further processing.

The samples analysed in the RNA-Seq were collected during the 2018 season only. In total we collected three
biological replicates per colony and treatment group (a total of 24 workers and 24 larvae). RT-qPCR to validate
the RNA-Seq data was complemented with the same samples used in RNA-Seq, and also with three biological
replicates per colony and treatment group from the 2018 season and three biological replicates per colony and
treatment group from the 2019 season (a total of 72 workers and 72 larvae). By collecting several biological
replicates per colony, genetic differences within the individual colonies (due to the mating of the queen with
several drones, workers are half-sisters*>**) and between the colonies should be equalised.

By collecting in different seasons, differences between years, such as weather conditions or different supply
of pollen and nectar, should be compensated.

Adult female varroa mites collected across the honey bee colonies mentioned previously were sampled from
brood and adult bees at the same time intervals as described above. Mites from capped brood cells were sampled
by opening the cell caps and removing individual mites using paintbrushes and tweezers. Additionally, phoretic
mites were collected directly from the bodies of adult honey bees and the sticky board surface, which is usually
placed underneath the hives to assess natural mite fall. It was ensured that the mites from the sticky boards
were still alive. Mites collected from the cells and from the phoretic stage across all four colonies were pooled
in groups of ten, placed in 1.5 ml microcentrifuge tubes and stored at— 80 °C until RNA isolation. It should be
emphasised that these collection methods provide mites of unknown age that have reproduced in unknown
numbers. However, care was taken to ensure that only large (about 1.5 mm wide) and reddish-brown mites were
used for further analysis, so as to guarantee the adult stage of the mites®*. The advantage of this method is that
the mites are not affected by treatment with water or icing sugar®.

Similar to the honey bee, the samples analysed in the RNA Seq were only collected during the 2018 season.
In total, we collected three biological replicates per treatment group (a total of six pools of ten mites collected
from all colonies per biological replicate). The RT-qPCR to validate the RNA-Seq data was performed with the
same samples used in the RNA-Seq and supplemented with three biological replicates per treatment group from
the 2018 and 2019 seasons (a total of nine untreated control groups (0 h) and 9 FA treated groups [24 hpt)].
As before, one biological replicate again consisted of 10 mites at the reproductive and phoretic stage, collected
across the four colonies.

RNA isolation. Honey bees. For the RNA extraction we modified the protocol according to Kablau et al.*®
and chose a slightly different approach for both age groups of the honey bee.
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Total RNA from newly emerged honey bees was isolated using an automated homogenizer (BeadBlaster,
Benchmark Scientific, Edison, USA) and 1.4 mm ceramic lysing matrix beads (MP Biomedicals, Heidelberg;
3x20sat7M; 3 min on ice). The Quick-RNA Microprep Kit (Zymo Research Europe GmbH, Freiburg, Ger-
many) was used, according to the manufacturer’s protocol, slightly adjusted by adding an additional centrifuga-
tion step for further drying of the matrix.

Each individual larva was homogenised in 1 ml of Trizol with a BeadBlaster (Benchmark Scientific, Edison,
USA) and 1.4 mm ceramic lysing matrix beads (MP Biomedicals, Heidelberg) (3 x20 s at 7 M; 3 min on ice in).
After incubation for 5 min at room temperature, samples were centrifuged at 12,000xg for 10 min at 4 °C. Five
hundred pl of the supernatant was then transferred into an RNase-free tube, while the resulting fat monolayer
was carefully avoided. Four hundred pl of chloroform was added, samples vortexed for 15 s, left for 3 min at
room temperature, and centrifuged at 12.000xg for 30 min at 4 °C. The upper phase was gently transferred into
anew tube. Total RNA was extracted following the Quick-RNA Microprep Kit (Zymo Research Europe GmbH,
Freiburg, Germany) instructions.

Mites. RNA was extracted from pools of ten individual mites sampled across all colonies using the Quick-RNA
Microprep Kit (Zymo Research Europe GmbH, Freiburg, Germany) following the manufacturer’s instructions
after mechanical homogenization with a micro pestle directly in 300 pl lysis buffer.

RNA quantity and integrity of all samples were determined using the DeNovix DS-11 Spectrophotometer
(Biozym Scientific GmbH, Hessisch Oldendorf, Germany) and the Agilent Technologies 2100 Bioanalyser with
the RNA 6000 Nano Kits (Agilent Technologies, Waldbronn, Germany). The concentration was then adjusted
to 1 pg/pl with RNase-free water and samples stored at — 80 °C until further processing.

RNA-sequencing experiments. Total RNA was treated with DNase I endonuclease (Thermo Scientific,
Karlsruhe, Germany) in a 96 well thermal cycler (Veriti, Applied Biosystems Deutschland GmbH, Darmstadt,
Germany). DNase treated RNA (1500 ng) of each sample (in total 54 samples) were submitted to GENEWIZ
Germany GmbH, Leipzig, Germany, for library preparation using NEBNext Ultra Il DNA Library Prep Kit for
Mlumina (New England Biolabs GmbH, Frankfurt am Main, Germany) followed by sequencing on an Illumina
HISeq4000 System (Illumina Inc., San Diego, United States) following the manufacturer’s protocol. RNA integ-
rity was confirmed by Agilent 4200 Tapestation (Agilent Technologies Inc., Santa Clara, United States) and
concentration was assessed by Qubit assay (Thermo Scientific, Karlsruhe, Germany) prior to library preparation.
Raw de-multiplexed sequence files were obtained in FASTQ format.

Analyses of differentially expressed genes. Sequence quality of the RNA-Seq libraries was assessed
using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).

The reads were aligned to the latest version of the honey bee reference genome (GenBank: Amel_HAv3.1)
and mite reference genome (GenBank: Vdes_3.0), respectively, using STAR aligner v2.6.1d. The quantification
of alignments was done using RSEM v1.3.1%” and kallisto v0.45.0°® resulting in highly correlating results. For
downstream analysis, kallisto quantification was used. The Bioconductor DEseq2 package v1.16.1% in the R v3.4.1
environment was used to identify differentially expressed transcript genes in treated versus control group. For
larvae, pairwise DEGs were identified for each hive individually and intersected. Due to drop outs of samples
of worker bees with high infection rates, a multifactorial model was used to identify DEG after treatment. A
principal component analysis (PCA) was performed to clarify general distribution patterns and separations of
honey bee and varroa mite gene expression profiles of the different treatment groups by reducing the dimensions
of the variables. For functional annotation of the official gene set, Gene Ontology (GO) terms were assigned to
individual protein sequence using Blast2GO v1.3.3%". Therefore, domains were predicted using InterproScan
v5.17-56.0*! and genes were searched against Uniprot KB using NCBI-BlastP v2.2.27%2. GO term enrichment
analysis was performed on induced and repressed genes using the Bioconductor package goseq v1.28.0%.

RNAseq mass data have been submitted to the NIH resource via SRA submission under the ID SUB7762334.

RT-qPCR analysis. For validation of RNA-Seq data, RT-qPCR was performed with seven selected genes for
honey bees and two selected genes for Varroa, which are associated with detoxification and showed a regulated
expression in response.

Gene expression experiments were performed as described earlier with few modifications**. One pg RNA
was treated with DNase I endonuclease (Thermo Scientific, Karlsruhe, Germany) and subsequently reverse-
transcribed with RevertAid M-MuLV Reverse Transcriptase (Thermo Scientific, Karlsruhe, Germany) in 20 pl
total volume using random hexamers in a 96 well thermal cycler (Veriti, Applied Biosystems Germany GmbH,
Darmstadt, Gemany).

Sets of specific primers were designed using the NCBI primer design tool (https://www.ncbi.nlm.nih.gov/
tools/primer-blast/) and commercially synthesized (Sigma-Aldrich Chemie GmbH, Miinchen, Germany). All
primers were designed to cross an exon-exon boundary. The amplification efficiency of each primer pair (Table 1)
was assessed by the use of serially diluted PCR products for standard curves and showed suitable efficiency of
90-110% at 60 °C annealing temperature across all targets. Prior to use for RT-qPCR, all primers were confirmed
by electrophoresis showing a single expected size band. Each PCR product was then verified by DNA-sequencing
(Eurofins GATC, Koln, Germany). Selected candidate genes with corresponding sequences are listed in Table 1.

PCR reactions to quantify the cDNA products were conducted in 96-well plates using a PikoReal Real-Time
PCR System (Thermo Scientific, Karlsruhe, Germany). One pl 1:5 diluted cDNA from each of the tested sam-
ples was used as a template in 10 pl final reaction volume for qPCR reactions using Biozym Blue S Green qPCR
Mix (Biozym Scientific GmbH, Hessisch Oldendorf, Germany) and 4 uM of gene specific primers. The cycling
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Gene symbol | Target gene Sequence fw and rev (5'-3') Accession number

CYP6AR1 Cytochrome P450 6AR1 CAGGGTGCTATACGAGAGGTTG | XM_623359.6
ACAAGCACCGATCACGTCAG

CYP4AV1 Cytochrome P450 4AV1 GCGGAAAGAAAAGCCGAGTG XM_016912202.2
CACGATACGCTAGTGGCAGT

CYP4AA1 Cytochrome P450 4aal-like AGGCGTGGGTATATCTCGTTA XM_026441577.1
GTTTTCGGGCCATTTAGTTGAG

CYP4G11 Cytochrome P450 4G11 TCGAAGCCGGTCAAAATGGT XM_006559341.2
CAGTGGTATCGTGTCCCTCA

CYP4AZ1 Cytochrome P450 4AZ1 CTTTTTCCAAGCGTACCACGA XM_006564367.2
TGGCAAATCGTTGTCCAATGC

CYP303A1 Cytochrome P450 303A1 TCCTCCAGGTCCAAAATGGTG XM_026443771.1
GCCGCCTGTTCTTTTGTCAT

THE-DH Cytosolic 10-formyltetrahydrofolate TGGGTTTTACTGGGTCTACGC XM_006563788.3

dehydrogenase TCCACAAATAGCCGACCAGC

Arpl Actin related protein 1 GCCAACACTGTCCTTTCTG NM_001185146.1
AGAATTGACCCACCAATCCA

Enolase Enolase GGTGATGAAGGTGGTTTTGC XM_026444626.1
GATGCAGCAACATCCATACC

GAPDH GAPDH GATGCACCCATGTTTGTTTG XM_393605.7
TTGCAGAAGGTGCATCAAC

RPL13a 60S ribosomal protein L13a TGGCCATTTACTTGGTCGTT XM_623810.5
GAGCACGGAAATGAAATGGT

RPS18 40S ribosomal protein S1 GATTCCCGATTGGTTTTTG XM_625101.6
CCCAATAATGACGCAAACCT

FMO5 FMOS5 Dimethylaniline monooxygenase | AGGTCTATTTGTCCACCCGC XM_022797929.1
GCTGGGCAAAAATCCTGTGAG

CYP3A56 Cytochrome P450 3A56 TTGCTCGTTTTGGTAGCCCT XM_022849754.1
TTTCCGCGTCTGCTACCATT

SAHD Succinate dehydrogenase CAAGGGTGTTACCGCTCTGT XM_022806549.1
ACACGAAAAGTACGCCCGTC

NADH NADH dehydrogenase GCGCGATTTGTTAAAGGCGA XM_022804344.1
ACGCACAGATGGTATGACCC

HSP90 Heat shock protein 90 TTTGTAACCGACACGAGCTG XM_022791765.1
TGTTGAGCGTGTGAAGAAGC

18S 18S rRNA TCAATTAAGGGTGTGGGCCG XM_022831401.1
TCACTTCCTGTT CGACAGC

Table 1. Sequences of qPCR primers used in this study.

conditions were as follows: initial denaturation at 95 °C for 2 min, followed by 40 cycles of a two-step protocol
including 5 s at 95 °C and 20 s at 60 °C. Subsequently, a melt-curve dissociation analysis was performed to con-
firm quality and specificity of each amplicon.

Normalization of expression data was performed using the three most stably expressed reference genes of the
gene set (Table 1): Arpl, Enolase, GAPDH, RPL13a and RPS18 for A. mellifera and SAHD, NADH, HSP90 and
18S for V. destructor, respectively, determined by the geNorm algorithm *. These were GAPDH, RPL13a and
RPS18 in the case of honey bee and SAHD, NADH and 18S in the case of varroa mite. The relative gene expression
was obtained by calculating the ddCq values between the control and treatment samples. Significant differences
between treatment and control groups were assessed using a Mann-Whitney U test in SPSS v25 (IBM Corp.,
Armonk, NY, United States) to compare treatment medians with respective controls considering p <0.05 as the
threshold. Log2 fold change relative to the control samples was calculated and compared to the RNA-Seq results
in order to confirm the expression results.

Results

Honey bee. In total, 48 RNA samples were sequenced from 24 workers and 24 larvae on an Illumina Hi-
Seq4000 flow cell. RNA-expression profiles of non-treated (0 h) and treated (24 hpt) samples were assessed. In
total, reads could be assigned to 14.380 genes of the honey bee. Few samples showed high infestation by Varroa-
associated deformed wing virus, indicated by low mapping of sequences to honey bee genome and confirmed by
homology search against public databases. Infestation by deformed wing virus led to strong effects on honey bee
gene expression profiles as shown by principal component analysis (PCA) of RNA-Seq data (Fig. 1). To avoid a
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Figure 1. PCA results of (A) workers and (B) larvae that were highly (red) or moderately (blue) infected or free
of infection with Varroa exposed to FA at 0 h (control group, circle) or 24 h (treatment group, triangle).
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Figure 2. The Venn diagrams show the total number of (A) induced and (B) repressed genes after FA treatment
and the intersection between colonies.

bias in the results on the influence of FA on gene expression, these samples were excluded from further compara-
tive analysis (workers = ten samples; larvae = three samples).

The PCA indicated that most of the variance could be explained by the first two (workers) respectively three
(larvae) principal components. However, the PCA did not result in a clear separation of the control and treat-
ment groups (Supplementary Fig. 1S).

Statistical analysis revealed 35 differentially expressed genes in FA treated workers (24 hpt): 11 induced, while
24 were repressed compared to untreated workers (0 h). Induced genes included detoxification-related CYP450
monooxygenase CYP6ARI and cytosolic 10-formyltetrahydrofolate dehydrogenase (FDH), while repressed genes
among others were associated with chitin metabolic processes and chitin binding (Mucin-3A-like) and develop-
mental processes (CYP303A1) (Fig. 3a). In honey bee larvae, principle component one showed a clear separa-
tion of hive number two to other hives. Contributors of this separation include a cluster of four fibroins which
suggested different larval age**” (Supplementary Fig. 3S). For this reason, larval transcriptomes were analysed
per hive and genes regulated in multiple hives were intersected. A total of 2733 genes was induced in at least one
hive, between 715 and 2253 genes in individual hives respectively (Fig. 2a). Of these, 568 genes were induced in
at least two conditions whereas only 40 were induced in larvae of hive one, two and four. No gene was induced
across all hives and only 31 out of 337 genes induced in hive three showed induction in other hives (Fig. 2a). On
the other hand, 1.670 genes were repressed in larvae of at least one hive. None of which was repressed in larvae
more than two hives (Fig. 2b).

Genes induced in three hives included upregulated structural constituents of the cuticle (Cuticular protein
17, Cuticular protein 28, Cuticle protein 7, Chitotriosidase-1-like, Cell division protein ZipA). Among the genes
with higher variation between colonies one, two and four was CYP4AA1 a detoxification-associated enzyme
(Fig. 3b). A summary of all genes differentially expressed in all pairwise comparisons is shown in Supplementary
Tables S1 and S2.
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Figure 3. Heatmap summarizing the RNA-seq data of differentially expressed genes between control
and treatment group (fold change>2, p<0.05) in (A) workers, (B) larvae and (C) Varroa. Red indicates
up-regulation and blue indicates down-regulation.

To determine the biological significance, we performed an enrichment analysis of GO annotated differentially
expressed genes. Significantly (p<0.01) enriched GO terms were categorized as "biological processes"”, "molecular
functions" and "cellular components".

32% of the differentially expressed genes after FA exposure in the group of workers and 34.21% in the group
of larvae could be assigned to GO term annotations (Fig. 4). In workers, FA exposure led to seven over-repre-
sented biological processes, eight molecular functions and two cellular components. Among the top enriched
GO terms were 10-formyltetrahydrofolate catabolic process and chitin metabolic process in biological processes,
the formyltetrahydrofolate dehydrogenase activity and hydroxymethyl-, formyl- and related transferase activity
in molecular functions as well as proteasome complex and anaphase-promoting complex in cell components. In
larvae, FA regulated genes are overrepresented in two biological processes, five molecular functions and one
cellular component. Major enriched GO terms included chitin catabolic process and motile cilium assembly in
biological processes and structural constituent of cuticle and chitin binding in molecular functions and extracel-
lular region in cellular components.

For validation, an RT-qPCR was performed with four candidates that were significantly differentially regulated
in RNA-Seq analysis (Fig. 5). Although CYP4AA1 was not significantly regulated in response to FA exposure, it
was selected for further analysis due to its putative interesting biological role. CYP4AA1 belongs to the CYP4
family, which seems to be particularly interesting considering that the number of members is much smaller
compared to other insect species (only four genes compared to 32 genes in D. melanogaster or 34 genes in Naso-
nia vitripennis)*>*. Similarly, the candidate genes of the honey bee were supplemented with three other genes
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Figure 4. Enriched top five or all significantly overrepresented GO terms of differentially expressed genes of A.
mellifera (A) workers and (B) larvae and (C) Varroa treated with FA (24 hpt). Molecular functions are shown in
blue, cellular components are shown in red and biological processes are shown in green. GO terms marked with
stars indicate that only one gene is accumulated in each of these categories.

from the CYP4 family (CYP4G11, CYP4AV1, and CYP4AZ1). Thus, in the RT-qPCR experiments a total of seven
honey bee candidates were investigated. In order to compare the detoxification mechanisms and the different
sensitivity of workers and larvae to FA, all candidate genes were equally examined among both age groups. It
should be noted that not all of the candidate genes analysed in the RNA-Seq results were differentially regulated
in both age groups.

A significant induction (fold change (FC) 22, p-value: <0.05) of the detoxification-associated gene CYP6ARI
(FC=3.2,U=238,Z=-3.083, p=0.002) was observed in workers. In the larval group a significant repression of
CYP4G11 (FC=0.5.U=170, Z=—- 4.698, p <0.001) was observed 24 hpt (Fig. 5). For some candidate genes, we
observed significant regulation but below our initial threshold of a two-fold difference. In the group of workers,
these included the repressed gene CYP4AV1 (by FC=0.6) and the upregulated FDH (by FC=1.4). In the group
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Figure 5. Boxplot analysis of fold changes of the candidate genes from the RT-qPCR analysis for (A) workers,
(B) larvae and (C) Varroa that met the criteria (fold change>2, p-value <0.05). The line within the box is

the median. The upper and lower lines of the box are the first and third quartiles, while the upper and lower
whiskers are the 5th and 95th percentile. *p<0.05; **p<0.01; ***p <0.001; Mann-Whitney U-test.

of larvae, the repressed gene FDH (by FC=0.8) was included. One gene in the larvae exceeded the FC cut-off
without statistical significance (CYP4AV1) (Fig. 6).

In some cases, a contradictory regulation could be observed as a reaction to FA treatment. While the workers
in most cases experienced a partly significant induction of the detoxification-associated candidate genes, the
expression of most candidate genes in the larvae was significantly repressed (Fig. 6).

Varroa mite. Three pools of each ten non-treated (0 h) and FA treated mites (24 hpt) were sequenced on an
Mumina Hi-Seq4000 flow cell. Reads could be assigned to 31.345 transcripts of varroa mites representing 11,852
of 12,868 genes.

FA treatment resulted in 183 gene alterations, 99 genes were induced and 84 repressed. A summary of all
genes differentially expressed in all pairwise comparisons is shown in Supplementary Table S3. Remarkably,
induced genes were FMO5 dimethylaniline monooxygenase and CYP3A56 as well as the down-regulated genes
related to regulation of cellular respiration (KAPCI-dependent protein kinase catalytic subunit 1) and oxidative
phosphorylation (ATP synthase subunit mitochondrial, Haloacid dehalogenase-like hydrolase domain-containing
protein 2) (Fig. 3¢).

An enrichment analysis of GO-annotated, differently expressed genes revealed that 36.06% of the genes dif-
ferently expressed after FA exposure could be assigned to GO term annotations (Fig. 4c).
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Figure 6. Summary of RT-qPCR data from (A) workers and (B) larvae of seven differentially expressed
transcripts upon FA treatment. A volcano plot analysis of differently expressed genes between the untreated
control (0 h) and FA treated group (24 hpt) is plotted on the x-axis (log2 scale), and the statistical significance
(p<0.05) is plotted on the y-axis (— log10 scale). The dotted lines show fold-changes above or below a two-fold
up- or down-regulation (values right and left of the vertical lines) and statistical significance (values above the
horizontal line).

FA-regulated genes were overrepresented in 75 biological processes, 26 molecular functions and 13 cellular
components. Among the most frequently enriched GO terms were the isoleucine and valine catabolic process in
biological processes and the branched-chain amino acid transaminase activity and kinase binding in the molecular
functions and the nuclear spot and cytosol in the cellular components.

The validation by RT-qPCR was performed with two candidate genes that we considered to be potentially
biologically relevant.

The results confirmed the significant induction of the detoxification-related genes FMOS5 (FC=2.25, U=3,
Z=-3.311, p<0.001) and CYP3A56 (FC=2.38, U=3, Z=- 3.311, p<0.001), which were also significantly
upregulated in the RT-qPCR analysis (Fig. 5¢).

Discussion

So far, the molecular effects of FA in honey bees have only been investigated in a few studies at gene expression
level, e.g. by targeted gene expression analyses**’. For varroa mites, such studies are completely lacking. To
our knowledge, this holistic RNA-sequencing study is the first comprehensive and comparative transcriptional
analysis that simultaneously examines the effects of FA on Varroa and honey bees. Our study addresses the
global transcriptome response of total body extracts of honey bees and varroa mites to FA treatment, not the
response of specific tissues.

Honey bee. Comparative studies between the different age groups were carried out to investigate the dif-
ferential sensitivity to FA treatments that has been described at the phenotypical level in previous reports'®>.
The GO-term enrichment analysis showed differences in transcriptional patterns between the different develop-
mental stages, i.e. worker bees and larvae. Additionally, inverse regulation could be observed for a few genes as a
response to the FA treatment. In workers, in most cases an induction of detoxification-associated genes could be
observed after FA exposure, whereas in larvae these genes were usually repressed suggesting different sensitivity
to FA. One reason for the induction of detoxification enzymes in workers could be their feeding status. Newly
emerged workers usually start feeding immediately after hatching, while the capped brood is no longer fed by
the workers. It is known that certain honey components (e.g. p-coumaric acid) specifically induce detoxification
genes®!. The feed intake of the workers could therefore have led to an induction of the detoxification enzymes,
which could not be observed in the larvae. Furthermore, the detoxification capacity is age-dependent, since
with increasing age the metabolic rate and simultaneously the oxidase-specific activity of P450s increases™>.
The observed additional inhibition of the expression of detoxification-associated enzymes by FA exposure may
increase the harmful effects of other chemical residues and environmental toxins. Combined with the generally
lower expression of CYP enzymes in younger bee life stages®*™, this may explain the increased sensitivity of bee
brood to FA exposure®>*-*8, Our results may indicate that the younger developmental stages have a reduced
ability to induce detoxification-associated enzymes. This could result in a higher sensitivity to FA or to other
environmental influences, if the detoxifying enzymes are not FA-specific. (Fig. 7).

The PCA did not allow a clear separation of the treatment and control group by the first principal compo-
nents, which describe a large part of the overall variance (Supplementary Fig. 2S). From this, we conclude that
FA exposure does not have a strong effect on the response of young worker bees. This may be explained by the
fact that 60% FA was used for the treatment, which should not harm honey bees when used correctly and under
stable environmental conditions as described earlier*. There were apparently no incidents during the treatments
carried out. No negative effects on honey bee colonies, such as queen or brood loss, were observed. Consequently,
the effects of FA on the expression response in bees is considered negligible, so that the separation from untreated
individuals with respect to transcription profiles remains rather limited.

Our results show alterations on gene expression levels for different P450 subfamily genes (CYP6 and CYP4)
induced by FA treatment. RT-qPCR data confirmed significant up-regulation of CYP6ARI (renamed CYP6ASI9)
in workers. Members of the insect-specific CYP6 family of P450s have been associated with insecticide
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metabolism and resistance in a number of insect pest species®®¢!. Quercetin-metabolizing CYP6AS enzymes
(CYP6ASI, CYP6AS3, CYP6AS4, CYP6AS10) are known to be induced by constituents of bee products like honey
and pollen and in part by the acaricides coumaphos and fluvalinate®®. The gene expression of other members
of the CYP6AS family is induced by the varroacide thymol or the pesticide imidaclopri®*¢. However, it remains
to be shown if FA is directly or indirectly involved in the up-regulation of CYP6ARI. Furthermore, our results
showed an alteration of CYP4 gene expression in workers and larvae. For honey bees only four members of the
CYP4 family are reported*®®”, which could indicate a loss of environmental response*®. To date, the functions of
the individual CYP4 genes are not well characterised: some CYP4s appear to metabolize xenobiotics®, others
have been associated with hygiene behaviour® and members of the CYP4G subfamily were shown to be involved
in cuticular hydrocarbon biosynthesis (Qiu et al., 2012). The RT-qPCR results indicated a slight but significant
downregulation of the CYP4AV1 gene in workers. In contrast to these results, CYP4AV1 was upregulated in
the larvae by a fold change greater 2, but without statistical significance. CYP4AV1 is a paralog of known CYP4
encoding enzymes associated with lipid metabolism®. RT-qPCR analysis revealed a significant downregulation
of the CYP4G11 gene in FA exposed larvae. Most insects have two or more CYP4G genes, but there is only one
CYPA4G gene described in the genome of Apis species and in other eusocial bees**’*”!. CYP4G11 is assumed to
be an oxidative decarbonylase that metabolizes both long-chain aldehydes for the production of hydrocarbons
and short-chain aldehydes that can be used as signalling molecules (Qiu et al., 2012). It is also associated with the
clearance of antennas from pheromonal and phytochemical compounds”. Another study revealed that CYP4G11
is probably involved in the chemoperception of environmental chemical signals, as it is strongly expressed in
the antennas and legs of foragers but low in both newly emerged workers and nurses*’. However, other studies
assume a significant role of CYP4G11 in response to oxidative stress and providing protection against oxida-
tive damage®. Suppression of P450 enzymes in honey bees challenged by FA exposure has been demonstrated
before, and was attributed to a possible negative feedback when the expression of genes of other potential FA
detoxification pathways was increased™.

In most mammalian species, the major metabolic route of FA is a folate-dependent pathway beginning with
the combination of FA with tetrahydrofolic acid (THF) and resulting in the formation of 10-formyltetrahy-
drofolate (10-THF), catalysed by 10-formyltetrahydrofolate synthetase (MTHFD]I). This step is followed by the
NADP*-dependent conversion of 10-THF into CO, and THE, catalysed by a cytosolic 10-formyltetrahydrofolate
dehydrogenase (FDH)7*774. Our RT-qPCR validation confirmed the up-regulation of FDH in workers, although
RNA-Seq and RT-qPCR results differed in the magnitude of expression. Reasons for a slight difference in the
strength of the expression are explained below. In larvae, however, a statistically significant downregulation of
this gene was observed. The downregulation of the gene expression of this enzyme could to some extend explain
the increased sensitivity of the younger larvae to FA. However, a proteome investigation of honey bees infected
with female adult varroa mites showed that the differently expressed proteins in the haemolymph also included
the induced FDH, though at a rather low peptide/protein score”. Future studies should therefore biochemically
investigate whether these transcriptional changes correlate with FA metabolizing enzyme activity in honey bees.

None of the remaining genes tested showed a statistically significant change in the RT-qPCR validation that
met our threshold criteria of a > twofold change. However, the activity of detoxification enzymes can be regu-
lated by various mechanisms. On the one hand, by xenobiotic-mediated induction, which is associated with
an increase in transcription (and subsequently translation)’®. This is associated with a measurable change in
the cellular mRNA concentration. Nevertheless, this is a relatively slow process, but would result in detectable
transcript levels at the chosen point in time after 24 h FA-exposure. On the other hand, activators that enhance
the enzyme effect by an activation or stimulation mechanism directly influencing enzyme activity’®. However,
in contrast to induction, they do not influence the cellular concentration of the enzyme and therefore cannot
be detected at the mRNA or protein level. This means that a potential detoxification performance by activated
enzymes can be significantly higher than we were able to demonstrate in this work.

Although this is the first study to compare the molecular response of honey bees together with the varroa
mites in one experiment, other studies have already investigated FA-induced gene expression changes in honey
bees only. In previous studies it was found that FA induced gene expression of PKA-C1? as well as AChE and
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Def-1°°, while no such alterations were found at significant levels in our study. In addition, FA is believed to lead
to suppression of MRJP-1 and CYP9Q3 expression®. This observation could not be confirmed by our experi-
ments, most probably due to different experimental approaches chosen between studies. Gashout et al.*’, used
older adult bees, while we used freshly hatched workers and larvae. Boncristiani et al.*® also carried out field
treatments in their study, which, however, differed from our method in the type of FA application. They used
Mite Away Quick Strips, i.e. FA polysaccharide gel strips, which remain in the hive for 7 days. The sampling times
also differed between the studies: Boncristiani et al.* collected bees from the brood nest before and 30 days after
the first treatment, while we analysed the individuals already 24 hpt. In contrast to our study, Gashout, et al.*’
conducted their experiments under laboratory conditions and applied individual LD05 and LD50 doses topically
to the bees, i.e. following a rather artificial laboratory design. Most of the differences between our results and the
other studies can probably be explained by the shorter exposure time in our study, the type of application and
the exposure of the different FA-sensitive life stages.

Varroa mite. Influence on transcripts associated with detoxification. RT-qPCR data confirmed that FMO5
dimethylaniline monooxygenase (FMOS5) was expressed significantly higher in FA treated mites (24 hpt) than
in untreated controls (0 h). Flavin-containing monooxygenases (FMOs) with a FAD prosthetic group repre-
sent a family of xenobiotic-metabolizing enzymes”’. Five mammalian types of FMO are now known as FMO1-
FMO577, all associated with the phase I detoxification of xenobiotic compounds including enzymatic alteration
of toxin structure and inhibiting interaction with lipophilic targets in a variety of organisms®’%. FMOs can oxi-
dize synthetic therapeutic drugs and herbal alkaloids or other natural products. A number of structurally differ-
ent compounds containing a “soft nucleophile” (usually nitrogen or sulphur) that have access to the peroxyflavin
intermediate are considered as potential substrates’”®. The detoxification mechanisms have been associated
with the development of resistance to certain chemical pesticides including pyrethroids, pyrrolizidine alkaloids
and diamides® -%. Both structural and physiological properties of the FMO enzyme family are still relatively un-
known, except for functions in xenobiotic metabolism. FMO5 has been detected in the liver of rodents and hu-
mans, but according to the literature it cannot easily be classified as a drug-metabolizing enzyme®*. Nevertheless,
the induced expression of this enzyme after FA exposure in our study suggests a role in the detoxification of FA.

RT-qPCR data confirmed differential expression of CYP3A56 in Varroa after FA exposure. In vertebrates, the
CYP3A subfamily of the cytochrome P450 superfamily plays a dominant role in metabolic clearance of numerous
substances including toxins, pesticides and therapeutic drugs®>*. Most studies on CYP3A have been conducted
in vertebrates, while little is known about non-vertebrate species, especially varroa mites.

Further studies are required to validate whether altered transcription of these genes is a specific or secondary
response to FA.

As a result of validation, the expression changes of most genes were consistent between RNA-Seq and RT-
qPCR data. CYP4AA1 was the only target that showed a large difference in expression level between the two
methods (Fig. 8). However, already after the cluster analysis of the RNA-Seq results, it was rather variably regu-
lated, which might explain the large difference. However, there are other reasons for minor differences in the
results of the two methods: The experiments were conducted in two different years. The test conditions (hive type,
colony strength, type of application, etc.) were constant in both years, but other external factors (temperature,
humidity, colony specific differences) may have led to slight differences in the effective conditions. To additionally
confirm the biological conclusions about the treatments, the validation experiments were supplemented with
different biological replicates from the same populatio?”. Differences between these samples may be another
reason for slight differences in the results (Fig. 3). Furthermore, technical differences between the methods
such as normalization could explain the variation in the detected magnitude of gene expression profiling®%.

Influence on transcripts associated with cellular respiration. ~After FA exposure, genes that are associated with
oxidative phosphorylation and the regulation of cellular respiration according to GO were repressed. This prin-
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cipally confirms previous knowledge from the literature, which describes an inhibition of mitochondrial elec-
tron transport by FA binding to cytochrome c oxidase?”. By inhibiting the respiratory chain, mitochondrial
ROS production could be induced, which is known to cause irreversible cell damage and even cell death®-2.
Although our data do not directly confirm the inhibition of cytochrome c oxidase, they do indicate mitochon-
drial dysfunction (with repressed regulation of cellular respiration and reduced ATP production), so that the
hypothesis of Song and Scharf”® could be supported of FA having a neuroexcitatory effect on neurons.

In summary, our data show for the first time endogenous effects of FA treatment on gene expression in both
honey bees and varroa mites. Future studies should investigate whether these observed transcriptional changes
are also reflected at the protein level and whether the transcriptional pattern and function of candidates identi-
fied is FA-specific. If the detoxifying enzymes are indeed FA-specific, this could explain the relatively mild effects
of FA treatment on honey bee colonies compared to mites under applied conditions. The influence on further
developmental stages of mites and honey bees as well as the molecular response at additional time points are
other interesting aspects to be tested in the future. Our results suggest that the molecular basis of the higher FA
sensitivity of larvae compared to newly emerged workers is due to limitations in the induction of detoxification
capacity. Of particular interest is the specific upregulation of FDH in worker bees, which is known to be involved
in mammalian formate metabolism. Our experimental approach showed no overlap of FA-induced detoxifica-
tion related candidate genes between honey bees and varroa mites, which to a certain extent suggests selectivity
differences between these two organisms that could explain the observed differences in toxicity.

Received: 27 July 2020; Accepted: 3 December 2020
Published online: 14 December 2020

References

1. Rosenkranz, P, Aumeier, P. & Ziegelmann, B. Biology and control of Varroa destructor. J. Invertebr. Pathol. 103, S96-S119 (2010).

2. Le Conte, Y., Ellis, M. & Ritter, W. Varroa mites and honey bee health: Can Varroa explain part of the colony losses?. Apidologie
41, 353-363 (2010).

3. Ramsey, S. D. et al. Varroa destructor feeds primarily on honey bee fat body tissue and not hemolymph. Proc. Natl. Acad. Sci. 116,
1792-1801 (2019).

4. Martin, S. J. Ontogenesis of the mite Varroa jacobsoni Oud. in worker brood of the honeybee Apis mellifera L. under natural condi-
tions. Exp. Appl. Acarol. 18, 87-100 (1994).

5. Ball, B. In Varroa jacobsoni Oud. Affecting Honey Bees: Present Status and Needs: Proceedings of a Meeting of the EC Experts’ Group,
Wageningen, 7-9 February 1983/edited by R. Cavalloro. (Rotterdam: Published for the Commission of the European Communities
by AA...).

6. TZntillo, G. et al. Virus infections of honeybees Apis mellifera. Ital. J. Food Saf. 4 (2015).

7. Bowen-Walker, P,, Martin, S. & Gunn, A. The transmission of deformed wing virus between honeybees (Apis mellifera L.) by the
Ectoparasitic MiteVarroa jacobsoniOud. J. Invertebr. Pathol. 73, 101-106 (1999).

8. Chen, Y, Pettis, J. S., Evans, J. D., Kramer, M. & Feldlaufer, M. F. Transmission of Kashmir bee virus by the ectoparasitic mite
Varroa destructor. Apidologie 35, 441-448 (2004).

9. Glinski, Z. & Jarosz, ]. Varroa jacobsoni as a carrier of bacterial infections to a recipient bee host. Apidologie 23, 25-31 (1992).

10. Hubert, J. et al. Bacteria detected in the honeybee parasitic mite Varroa destructor collected from beehive winter debris. J. Appl.
Microbiol. 119, 640-654 (2015).

11. Duay, P, De Jong, D. & Engels, W. Weight loss in drone pupae (Apis mellifera) multiply infested by Varroa destructor mites. Apid-
ologie 34, 61-65 (2003).

12. De Jong, D., De Jong, P. & Goncalves, L. Weight loss and other damage to developing worker honeybees from infestation with
Varroa jacobsoni. J. Apic. Res. 21, 165-167 (1982).

13. Dainat, B., Evans, J. D., Chen, Y. P, Gauthier, L. & Neumann, P. Dead or alive: Deformed wing virus and Varroa destructor reduce
the life span of winter honeybees. Appl. Environ. Microbiol. 78, 981-987 (2012).

14. Garedew, A., Schmolz, E. & Lamprecht, I. The energy and nutritional demand of the parasitic life of the mite Varroa destructor.
Apidologie 35, 419-430 (2004).

15. Fries, I, Imdorf, A. & Rosenkranz, P. Survival of mite infested (Varroa destructor) honey bee (Apis mellifera) colonies in a Nordic
climate. Apidologie 37, 564-570 (2006).

16. Fries, I. Treatment of sealed honey bee brood with formic acid for control of Varroa jacobsoni. Am. Bee J. (USA) 131(5), 313-314
(1991).

17. Imdorf, A., Charriére, J.-D., Kilchenmann, V., Bogdanov, S. & Fluri, P. Alternative strategy in central Europe for the control of
Varroa destructor in honey bee colonies. Apiacta 38, 258-278 (2003).

18. Amrine, J. W.Jr. & Noel, R. Formic acid fumigator for controlling varroa mites in honey bee hives. Int. J. Acarology 32, 115-124
(2006).

19. Bogdanov, S. Contaminants of bee products. Apidologie 37, 1-18 (2006).

20. Calderone, N. W. Evaluation of formic acid and a thymol-based blend of natural products for the fall control of Varroa jacobsoni
(Acari: Varroidae) in colonies of Apis mellifera (Hymenoptera: Apidae). J. Econ. Entomol. 92, 253-260 (1999).

21. Imdorf, A., Charriére, J.-D. & Rosenkranz, P. Varroa control with formic acid. FAIR CT97-3686, 24 (1999).

22. Bolli, H., Bogdanov, S., Imdorf, A. & Fluri, P. Zur Wirkungsweise von Ameisensaure bei Varroa jacobsoni Oud und der Honigbiene
(Apis mellifera L.). Apidologie 24, 51-57 (1993).

23. Dietemann, V. et al. Varroa destructor: Research avenues towards sustainable control. J. Apic. Res. 51, 125-132 (2012).

24. Satta, A. et al. Formic acid-based treatments for control of Varroa destructor in a Mediterranean area. J. Econ. Entomol. 98, 267-273
(2005).

25. Eguaras, M., Del Hoyo, M., Palacio, M., Ruffinengo, S. & Bedascarrasbure, E. L. A new product with formic acid for Varroa jacobsoni
Oud. control in Argentina. I. Efficacy. J. Vet. Med. Ser. B 48, 11-14 (2001).

26. Nicholls, P. Formate as an inhibitor of cytochrome ¢ oxidase. Biochem. Biophys. Res. Commun. 67, 610-616 (1975).

27. Keyhani, J. & Keyhani, E. EPR study of the effect of formate on cytochrome c oxidase. Biochem. Biophys. Res. Commun. 92, 327-333
(1980).

28. Liesivuori, J. & Savolainen, A. H. Methanol and formic acid toxicity: Biochemical mechanisms. Pharmacol. Toxicol. 69, 157-163
(1991).

29. Boncristiani, H. et al. Direct effect of acaricides on pathogen loads and gene expression levels in honey bees Apis mellifera. J. Insect
Physiol. 58, 613-620. https://doi.org/10.1016/j.jinsphys.2011.12.011 (2012).

Scientific Reports |

(2020) 10:21943 | https://doi.org/10.1038/s41598-020-79057-9 nature research


https://doi.org/10.1016/j.jinsphys.2011.12.011

www.nature.com/scientificreports/

. Gashout, H. A, Goodwin, P. H. & Guzman-Novoa, E. Lethality of synthetic and natural acaricides to worker honey bees (Apis
mellifera) and their impact on the expression of health and detoxification-related genes. Environ. Sci. Pollut. Res. 25, 34730-34739
(2018).

31. Erban, T., Harant, K., Kamler, M., Markovic, M. & Titera, D. Detailed proteome mapping of newly emerged honeybee worker
hemolymph and comparison with the red-eye pupal stage. Apidologie 47, 805-817 (2016).

32. Woyke, J. Multiple mating of the honeybee queen (Apis mellifica L.) in one nuptial flight. Bull. Acad. Polon. Sci. CI 3, 175-180
(1955).

33. Taber, S. III. & Wendel, ]. Concerning the number of times queen bees mate. J. Econ. Entomol. 51, 786-789 (1958).

34. Dietemann, V. et al. Standard methods for varroa research. J. Apic. Res. 52, 1-54 (2013).

35. Kablau, A., Eckert, J. H., Pistorius, J., Sharbati, S. & Einspanier, R. Effects of selected insecticidal substances on mRNA transcriptome
in larvae of Apis mellifera. Pestic. Biochem. Physiol. 170, 104703 (2020).

36. Dobin, A. et al. STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21 (2013).

37. Li, B. & Dewey, C. N. RSEM: Accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC
Bioinform. 12, 323 (2011).

38. Bray, N. L., Pimentel, H., Melsted, P. & Pachter, L. Near-optimal probabilistic RNA-seq quantification. Nat. Biotechnol. 34, 525
(2016).

39. Love, M. L, Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 15, 550 (2014).

40. Conesa, A. et al. Blast2GO: A universal tool for annotation, visualization and analysis in functional genomics research. Bioinfor-
matics 21, 3674-3676 (2005).

41. Quevillon, E. et al. InterProScan: Protein domains identifier. Nucleic Acids Res. 33, W116-W120 (2005).

42. Mahram, A. & Herbordt, M. C. In Proceedings of the 24th ACM International Conference on Supercomputing. 73-82 (ACM).

43. Young, M. D., Wakefield, M. J., Smyth, G. K. & Oshlack, A. Gene ontology analysis for RNA-seq: Accounting for selection bias.
Genome Biol. 11, R14 (2010).

44. Scholven, J. et al. Intestinal expression of TFF and related genes during postnatal development in a piglet probiotic trial. Cell.
Physiol. Biochem. 23, 143-156 (2009).

45. Vandesompele, J. et al. Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal
control genes. Genome Biol. 3, research0034.0031 (2002).

46. Sutherland, T. D. et al. A highly divergent gene cluster in honey bees encodes a novel silk family. Genome Res. 16, 1414-1421
(2006).

47. Hepburn, H. R. & Kurstjens, S. The combs of honeybees as composite materials. Apidologie 19, 25-36 (1988).

48. Claudianos, C. et al. A deficit of detoxification enzymes: Pesticide sensitivity and environmental response in the honeybee. Insect
Mol. Biol. 15, 615-636 (2006).

49. Mao, W,, Schuler, M. & Berenbaum, M. Task-related differential expression of four cytochrome P450 genes in honeybee append-
ages. Insect Mol. Biol. 24, 582-588 (2015).

50. Ostermann, D. J. & Currie, R. W. Effect of formic acid formulations on honey bee (Hymenoptera: Apidae) colonies and influence
of colony and ambient conditions on formic acid concentration in the hive. J. Econ. Entomol. 97, 1500-1508 (2004).

51. Mao, W., Schuler, M. A. & Berenbaum, M. R. Honey constituents up-regulate detoxification and immunity genes in the western
honey bee Apis mellifera. Proc. Natl. Acad. Sci. 110, 8842-8846 (2013).

52. Gilbert, M. & Wilkinson, C. Microsomal oxidases in the honey bee, Apis mellifera (L.). Pestic. Biochem. Physiol. 4, 56-66 (1974).

53. Rinkevich, E D. et al. Genetics, synergists, and age affect insecticide sensitivity of the honey bee, Apis mellifera. PLoS ONE 10,
€0139841 (2015).

54. Shi, W,, Sun, J., Xu, B. & Li, H. Molecular characterization and oxidative stress response of a cytochrome P450 gene (CYP4G11)
from Apis cerana cerana. Zeitschrift fiir Naturforschung C 68, 509-521 (2013).

55. Zhang, W. et al. Identification and characterisation of three new cytochrome P450 genes and the use of RNA interference to evalu-
ate their roles in antioxidant defence in Apis cerana cerana Fabricius. Front. Physiol. 9, 1608 (2018).

56. Pietropaoli, M. & Formato, G. Acaricide efficacy and honey bee toxicity of three new formic acid-based products to control Varroa
destructor. J. Apic. Res. 58, 824-830 (2019).

57. Elzen, P. ]., Westervelt, D. & Lucas, R. Formic acid treatment for control of Varroa destructor (Mesostigmata: Varroidae) and safety
to Apis mellifera (Hymenoptera: Apidae) under southern United States conditions. J. Econ. Entomol. 97, 1509-1512 (2004).

58. Giovenazzo, P. & Dubreuil, P. Evaluation of spring organic treatments against Varroa destructor (Acari: Varroidae) in honey bee
Apis mellifera (Hymenoptera: Apidae) colonies in eastern Canada. Exp. Appl. Acarol. 55, 65 (2011).

59. Pietropaoli, M. & Formato, G. Liquid formic acid 60% to control varroa mites (Varroa destructor) in honey bee colonies (Apis
mellifera): Protocol evaluation. J. Apic. Res. 57, 300-307 (2018).

60. Berenbaum, M. R. Postgenomic chemical ecology: From genetic code to ecological interactions. J. Chem. Ecol. 28, 873-896 (2002).

61. Feyereisen, R. In Insect Molecular Biology and Biochemistry 236-316 (Elsevier, Amsterdam, 2012).

62. Mao, W. et al. Quercetin-metabolizing CYP6AS enzymes of the pollinator Apis mellifera (Hymenoptera: Apidae). Comp. Biochem.
Physiol. B Biochem. Mol. Biol. 154, 427-434 (2009).

63. Johnson, R. M. et al. Ecologically appropriate xenobiotics induce cytochrome P450s in Apis mellifera. PLoS ONE 7, €31051 (2012).

64. Schmehl, D. R,, Teal, P. E., Frazier, J. L. & Grozinger, C. M. Genomic analysis of the interaction between pesticide exposure and
nutrition in honey bees (Apis mellifera). J. Insect Physiol. 71, 177-190 (2014).

65. Johnson, R. M., Harpur, B. A., Dogantzis, K. A., Zayed, A. & Berenbaum, M. R. Genomic footprint of evolution of eusociality in
bees: Floral food use and CYPome “blooms”. Insectes Soc. 65, 445-454 (2018).

66. Derecka, K. et al. Transient exposure to low levels of insecticide affects metabolic networks of honeybee larvae. PLoS ONE 8, 68191
(2013).

67. Berenbaum, M. R. & Johnson, R. M. Xenobiotic detoxification pathways in honey bees. Curr. Opin. Insect Sci. 10, 51-58 (2015).

68. Le Conte, Y. et al. Social immunity in honeybees (Apis mellifera): Transcriptome analysis of varroa-hygienic behaviour. Insect Mol.
Biol. 20, 399-408 (2011).

69. Feyereisen, R. Insect cytochrome P450. (2005).

70. Calla, B. et al. Functional characterization of CYP4G11—A highly conserved enzyme in the western honey bee Apis mellifera.
Insect Mol. Biol. 27, 661-674 (2018).

71. Sadd, B. M. et al. The genomes of two key bumblebee species with primitive eusocial organization. Genome Biol. 16, 1-32 (2015).

72. Johlin, E. C., Swain, E., Smith, C. & Tephly, T. R. Studies on the mechanism of methanol poisoning: Purification and comparison
of rat and human liver 10-formyltetrahydrofolate dehydrogenase. Mol. Pharmacol. 35, 745-750 (1989).

73. Neymeyer, V. & Tephly, T. Detection and quantification of 10-formyltetrahydrofolate dehydrogenase (10-FTHFDH) in rat retina,
optic nerve, and brain. Life Sci. 54, 395-399 (1994).

74. Anguera, M. C. et al. Regulation of folate-mediated one-carbon metabolism by 10-formyltetrahydrofolate dehydrogenase. J. Biol.
Chem. 281, 18335-18342 (2006).

75. Stowinska, M. et al. 2D-DIGE proteomic analysis reveals changes in haemolymph proteome of 1-day-old honey bee (Apis mellifera)
workers in response to infection with Varroa destructor mites. Apidologie 50, 632-656 (2019).

Scientific Reports|  (2020) 10:21943 | https://doi.org/10.1038/s41598-020-79057-9 nature research



www.nature.com/scientificreports/

76. Hollenberg, P. E Characteristics and common properties of inhibitors, inducers, and activators of CYP enzymes. Drug Metab. Rev.
34, 17-35 (2002).

77. Lawton, M. et al. A nomenclature for the mammalian flavin-containing monooxygenase gene family based on amino acid sequence
identities. Arch. Biochem. Biophys. 308, 254-257 (1994).

78. Sehlmeyer, S. et al. Flavin-dependent monooxygenases as a detoxification mechanism in insects: New insights from the arctiids
(Lepidoptera). PLoS ONE 5, 10435 (2010).

79. Krueger, S. K. & Williams, D. E. Mammalian flavin-containing monooxygenases: Structure/function, genetic polymorphisms and
role in drug metabolism. Pharmacol. Ther. 106, 357-387 (2005).

80. Eswaramoorthy, S., Bonanno, J. B., Burley, S. K. & Swaminathan, S. Mechanism of action of a flavin-containing monooxygenase.
Proc. Natl. Acad. Sci. 103, 9832-9837 (2006).

81. Dawkar, V. V. et al. Molecular insights into resistance mechanisms of lepidopteran insect pests against toxicants. J. Proteome Res.
12, 4727-4737 (2013).

82. Surlis, C., Carolan, J. C., Coffey, M. F. & Kavanagh, K. Proteomic analysis of Bayvarol resistance mechanisms in the honey bee
parasite Varroa destructor. J. Apic. Res. 55, 49-64 (2016).

83. Mallott, M. et al. A flavin-dependent monooxgenase confers resistance to chlorantraniliprole in the diamondback moth, Plutella
xylostella. Insect Biochem. Mol. Biol. 115, 103247 (2019).

84. Overby, L. H. et al. Characterization of Flavin-containing monooxygenase-5 (FMO5) cloned from human and guinea-pig: Evidence
that the unique catalytic properties of FMOS5 are not confined to the rabbit ortholog. Arch. Biochem. Biophys. 317, 275-284 (1995).

85. Lamba, J. K, Lin, Y. S., Schuetz, E. G. & Thummel, K. E. Genetic contribution to variable human CYP3A-mediated metabolism.
Adv. Drug Deliv. Rev. 54, 1271-1294 (2002).

86. Cui, S., Wang, L., Ma, L. & Geng, X. P450-mediated detoxification of botanicals in insects. Phytoparasitica 44, 585-599 (2016).

87. Fang, Z. & Cui, X. Design and validation issues in RNA-seq experiments. Brief. Bioinform. 12, 280-287 (2011).

88. Huggett, J., Dheda, K., Bustin, S. & Zumla, A. Real-time RT-PCR normalisation; strategies and considerations. Genes Immun. 6,
279 (2005).

89. Evans, C., Hardin, J. & Stoebel, D. M. Selecting between-sample RNA-Seq normalization methods from the perspective of their
assumptions. Brief. Bioinform. 19, 776-792 (2017).

90. Li, N. et al. Mitochondrial complex I inhibitor rotenone induces apoptosis through enhancing mitochondrial reactive oxygen
species production. J. Biol. Chem. 278, 8516-8525 (2003).

91. Zhao, R. Z,, Jiang, S., Zhang, L. & Yu, Z. B. Mitochondrial electron transport chain, ROS generation and uncoupling. Int. J. Mol.
Med. 44, 3-15 (2019).

92. Du, L. In Advanced Materials Research. 1060-1065 (Trans Tech Publ).

93. Song, C. & Scharf, M. E. Formic acid: A neurologically active, hydrolyzed metabolite of insecticidal formate esters. Pestic. Biochem.
Physiol. 92, 77-82 (2008).

Acknowledgements

The partial financial support of the DBIB (Deutscher Berufs- und Erwerbsimkerbund e.V.) and the Ernst-Reuter-
Gesellschaft FUB is gratefully acknowledged. Many thanks to Dr. Benedikt Polaczek and his team for their sup-
port in beekeeping matters; and to the technical assistants of the institute of veterinary biochemistry for their
technical support.

Author contributions

A.G. and R.E. conceived the experiments; A.G. sampled the animals; S.S. supported methodological work; A.G.
and B.B. analysed the results; all authors discussed the data sets; A.G. and R.E. wrote main parts of the manu-
script. All authors reviewed the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-020-79057-9.

Correspondence and requests for materials should be addressed to R.E.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:21943 | https://doi.org/10.1038/s41598-020-79057-9 nature research


https://doi.org/10.1038/s41598-020-79057-9
https://doi.org/10.1038/s41598-020-79057-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Comparative transcriptomics indicates endogenous differences in detoxification capacity after formic acid treatment between honey bees and varroa mites
	Materials and methods
	Fumigation experiments and sampling. 
	RNA isolation. 
	Honey bees. 
	Mites. 

	RNA-sequencing experiments. 
	Analyses of differentially expressed genes. 
	RT-qPCR analysis. 

	Results
	Honey bee. 
	Varroa mite. 

	Discussion
	Honey bee. 
	Varroa mite. 
	Influence on transcripts associated with detoxification. 
	Influence on transcripts associated with cellular respiration. 


	References
	Acknowledgements


